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Introduction
The foveal avascular zone (FAZ) is an area within the central macula that is devoid of retinal capillaries. The size of the FAZ varies dramatically among normal individuals and is correlated with the size of the foveal pit. 1, 2 The FAZ is known to be reduced in size or altogether absent in individuals born prematurely, 3, 4 along with patients with albinism, 5 idiopathic foveal hypoplasia, 6, 7 and aniridia. 8 The FAZ is enlarged in patients with sickle cell disease. 9 In addition, retinal vascular changes around the FAZ also occur early in diabetes mellitus with capillary dropout occurring even before the onset of retinopathy, 10, 11 leading to a significant increase in the size of the FAZ. Furthermore, FAZ size is correlated with visual acuity in patients with diabetic retinopathy, 12 suggesting that assessment of the FAZ could be a useful biomarker for studying diabetic patients.
The variability of the FAZ in health and disease has made it an often-studied structure using a variety of techniques, including fluorescein angiography (FA), retinal function imager, and adaptive optics (AO)-based methods. 13 While these approaches have facilitated a diverse array of studies of the FAZ, the recent advent of optical coherence tomography-angiography (OCT-A) has made noninvasive FAZ visualization mainstream. With this has come a plethora of studies examining FAZ size and shape in a myriad of diseases. Across a number of studies, mean area of the superficial FAZ using OCT-A ranges from 0.24 to 0.30 mm 2 in healthy eyes. 11, 14, 15 However, as with other OCT-based measurements (such as retinal nerve fiber layer [RNFL] thickness, foveal morphology, and retinal thickness), it is critical to evaluate factors affecting the accuracy and reliability of FAZ measurements.
One of the major factors affecting FAZ measurements is the segmentation or marking of the FAZ boundary. Commercial systems have algorithms that provide estimates of the ''nonflow'' area, defining the FAZ. Various studies have demonstrated excellent repeatability and reliability of such measurements. [16] [17] [18] [19] However, as new devices and different segmentation algorithms become available, it is important to continually reassess the reliability and repeatability of FAZ measurements. Furthermore, there are conflicting data on whether semiautomatic measurements agree with measurements obtained using manual segmentation. La Spina et al. 20 reported that semiautomatic measurements were larger on average than manual measurements, while Magrath et al. 21 reported no difference between semiautomatic and manual measurements when using the AngioVue OCT-A system.
Beyond the specific segmentation method, correct scaling of the retinal image also could impact the accuracy of FAZ measurements. While scans typically are 3 3 3 or 6 3 6 mm in size, individual differences in axial length (and, thus, ocular magnification) affect the absolute dimensions of the scan, meaning that measurements of the FAZ obtained from uncorrected scans will be inaccurate. Recently, FAZ area was shown to be correlated negatively with axial length, yet the investigators did not correct their images for ocular magnification. 15 As such, the relationship could be due, at least in part, to the differences in ocular magnification across eyes. Thus, the purpose of our study was to assess the effect of axial length on FAZ measurements as well as to compare our previously published manual FAZ segmentation method 22 to semiautomatic and automatic methods. We also explored the effect of sex and age on FAZ measurements in this relatively large Caucasian cohort, working towards the long-term goal of establishing robust normative databases for open dissemination.
Methods

Subjects
This study was approved by the Institutional Review Board (IRB) of the Medical College of Wisconsin and was conducted in accordance with the tenets of the Declaration of Helsinki. Informed consent was obtained for all subjects once the nature and risks of the study were explained. Exclusion criteria included any prior history or clinical evidence of retinal or systemic vascular disease. We imaged 116 Caucasian subjects (51 male, 65 female). The mean (6 standard deviation) age was 30.5 6 14.5 years (range, 8-77 years). Axial length measurements were obtained from all subjects using an IOL Master (Carl Zeiss, Meditec, Dublin, CA).
Assessing the Foveal Avascular Zone
Subjects were imaged with the AngioVue OCT-A system (Optovue, Inc., Fremont, CA). Two scans (one horizontal and one vertical, each consisting of 304 Bscans at 304 A-scans per B-scan) were acquired at the fovea of the right eye with a nominal scan size of 3 3 3 mm. These two scans then were coregistered by the device to minimize motion artifact and create a single volume from which an image of the superficial plexus and an image of the full retinal thickness angiogram was extracted. 23, 24 Two such volumes were obtained for each subject. The superficial plexus image was created by integrating motion contrast data from 3 lm below the internal limiting membrane (ILM) to 16 lm above the inner plexiform layer (IPL), while the full retinal thickness angiogram was created by integrating motion contrast data from the ILM to 75 lm above the retinal pigment epithelium (RPE). The 232 superficial plexus images were manually segmented by a single masked observer (R.L.) using ImageJ (National Institutes of Health [NIH], Bethesda, MD). The coordinates from the manual segmentation along with the image dimensions were entered into a previously described custom Matlab script (Mathworks, Natick, MA) using the function poly2mask to produce a mask defining the area of the FAZ. 2, 22 The nominal area of the FAZ (in mm 2 ) was calculated according to the formula:
where A nominal is the nominal area of the FAZ in mm 2 , S I;0 and S J;0 are the nominal scan dimensions in mm, I and J are the number of samples in each dimension in pixels, and A px 2 is the nominal area of the FAZ in in pixels 2 , which was calculated using the Matlab function regionprops. The actual area of the FAZ (in mm 2 ) was then calculated as follows:
where AL s is the axial length of the subject in mm, and AL M is the axial length assumed for the model eye by the manufacturer (23.95 mm). Nominal FAZ perimeter in pixels (P nominal ) was also obtained using the Matlab function regionprops and adjusted for ocular magnification to obtain the FAZ perimeter in mm (P corrected ):
FAZ acircularity then was calculated as the ratio of the FAZ perimeter to the circumference of a circle with an area equivalent to that of the FAZ. 25 Using the AngioVue review software (Optovue, Inc.; ver. 2016.2.0.16), the FAZ area for each superficial plexus image was found using the built-in nonflow measurement tool using a single seed point (i.e., semiautomatic). The FAZ acircularity was not calculated using this algorithm due to the software not reporting perimeter values. Finally, the FAZ area and FAZ acircularity for each full retinal thickness angiogram were found using the AngioVue review software (clinical ver. 2016.200.0.37) with ''Angio-Analytics'' enabled (i.e., automatic). 
Statistics
Intrasession repeatability and reliability of the FAZ area and FAZ acircularity (where possible) for the three segmentation methods were assessed. 26 Repeatability was calculated as 2.77r w , where r w represents the average within-subject standard deviation, and measurement error was calculated as 1.96r w . The 95% confidence intervals were calculated using the formula CI 95%
where n is the number of subjects (116) and m is the number of measurements (2) . Reliability was assessed by finding the intraclass correlation coefficient (ICC) using the R statistical package (The R Foundation for Statistical Computing, Vienna, Austria). Sex differences were assessed using Mann-Whitney U tests, while linear regressions were used to assess for a relationship between FAZ area or FAZ acircularity and age using R statistical package. Reproducibility among the three methods was assessed using the Friedman test with post-test and further analyzed using Wilcoxon signed-rank tests and Bland-Altman plots. 26 
Results
Effect of Axial Length on FAZ Measurements
The average axial length was 24.04 6 1.25 mm (mean 6 SD; range, 21.45-27.45 mm). Assuming a nominal 3 3 3 mm scan area, we observed a slight negative trend between FAZ area and axial length computed using the semiautomatic method, though this did not reach statistical significance (R 2 ¼ 0.023, P ¼ 0.10, Fig. 1A) . When correcting the scan size for differences in ocular magnification, the trend is abolished (R 2 ¼ 0.0061, P ¼ 0.87, Fig. 1B ). The error in FAZ area estimates as a function of axial length is shown in Figure 1C ; the average error was 8.29% with a maximum error of 31.36%. The absolute maximum error was 0.07 mm 2 . Similar trends were seen for the manual and automatic segmentation methods (data not shown); thus, for subsequent FAZ area analyses, we used data that were corrected for axial length. Differences in ocular magnification would not affect FAZ acircularity measurements, owing to the method by which it is calculated.
Effect of Different Segmentation Methods
When comparing different segmentation methods, the manual segmentation performed better than the semiautomatic or the automatic segmentation, though all methods showed excellent repeatability and reliability (Fig. 2, Table 1 ) for FAZ area.
This difference is likely due to reduced image quality (from motion artifacts) and low vessel contrast affecting the algorithm-driven methods more than the human observer ( Fig. 3 ). We used average values for each method to compare the FAZ area measurements and observed a significant difference between the manual segmentation and both automatic segmentations (Friedman test with post-test, P , 0.0001) but not between the two automatic segmentation methods (P . 0.05). When comparing the automatic to the manual segmentation methods, the mean difference (6 SD) was 0.0240 6 0.0259 mm 2 (Wilcoxon signed-rank test, P , 0.0001) with manual being, on average, larger than automatic segmentation for FAZ area. As a percentage of the automatic FAZ area, the difference ranged from 2.2% to 54.4% (the absolute maximum error was 0.145 mm 2 ). The difference between the two methods increased as a function of FAZ area (y ¼ 0.874x þ 0.0086; P , 0.0001). A similar difference was observed between the manual and semiautomatic methods, while no difference was observed between the semiautomatic and automatic methods (data not shown).
When comparing FAZ acircularity between automatic and manual segmentations, the mean difference (6 SD) was 0.045 6 0.0975 with the manual, on average, being larger than the automatic segmentation. As a percentage of the automatic FAZ acircularity, the difference ranged from 0.1% to 32.0% (the absolute maximum error was 0.36). The difference between the two methods increased as a function of FAZ acircularity (y ¼À0.230x þ 0.2574; P , 0.0001). Across all subjects, we observed good repeatability and reliability of the FAZ acircularity index (Table 1) , though it was worse than that observed for FAZ area measurements, indicating it is more sensitive to small errors in segmentation.
Other Biological Variables Affecting FAZ Measurements
Females had larger FAZ area than males for all segmentation methods, though no difference in FAZ acircularity was observed between the groups ( Table  2) . No correlation between age and FAZ area was observed (manual, P ¼ 0.920; semiautomatic, P ¼ 0.996; automatic, P ¼ 0.920), nor was there any correlation between age and FAZ acircularity (manual, P ¼ 0.912; automatic, P ¼ 0.337).
Discussion
We examined various factors impacting FAZ measurements, including axial length, sex, age, and segmentation method. Not correcting for axial length represents a significant source of error for measuring FAZ area. While this may not be critical for longitudinal studies comparing multiple scans from one person, these errors limit the ability to compare or combine FAZ area measurements across studies. In addition, our analysis suggests that a previous report 15 of a negative correlation between axial length and FAZ area is likely due to the differences in ocular magnification across eyes. These errors are likely even more significant when studying populations with high refractive error. Our estimates of FAZ area obtained with the manual segmentation method generally agreed with previous reports. [13] [14] [15] [17] [18] [19] 22 As has been reported previously, 15, 27 we found increased FAZ area in females, though this is in contrast with data from Samara et al. 14 Similarly, our observation of no relationship between FAZ size and age is in agreement with that of Tan et al. 15 and Samara et al. 14 
but
conflicts with other studies. [27] [28] [29] These differences could be due to different sex, age, and/or racial distribution. Further, none of the aforementioned studies corrected for axial length. 14, 15, 28 As such, prior conclusions drawn from studies are in many cases confounded by the lack of correction for ocular magnification, and revisiting these data may be worthwhile.
Despite excellent repeatability across all three segmentation methods, we observed a significant difference in FAZ area when comparing methods, with the algorithm-driven methods tending to produce smaller FAZ areas on average. This is in contrast with Magrath et al., 21 who found no difference between semiautomatic and manual measurements when using the Optovue system, and La Spina et al., 20 who found an increase in FAZ area when using the semiautomatic algorithm. 20 It is important to note that these studies used different versions of the semiautomatic algorithm (La Spina et al. 20 used Figure 3 . The effect of image quality on manual, semiautomatic, and automatic measurements. Manual segmentation is shown on the OCT-A images of the superficial plexus marked with red dots. Subject JC_10567 had similar image quality between images and had a corresponding similarity between all methods. A large motion artifact is present in the second image from JC_10580, which has a greater effect on the semiautomatic segmentation than the manual or automatic segmentation. The second image from JC_10585 exhibited decreased contrast that affected all methods, though the automatic segmentation appeared most severely affected. It is important to note that all subjects in this study are Caucasian. This could limit the observed range of FAZ areas due to African Americans having significantly larger foveal pits (and, thus, FAZs). 30 With the difference between the segmentation methods increasing as the FAZ area becomes larger, it is important to further examine the performance of the automatic algorithm in subjects with larger pits. Similarly, normative databases comprising data from Caucasians should not be used to assess FAZ measurements from non-Caucasian subjects. Also, we had a significant number of subjects (52%) between 20 and 29 years old. More work must occur to increase the number of younger and older individuals to better understand the true variability across all age groups. In addition, all subjects had normal vision resulting in subjectively good image quality and minimal motion artifacts. While this led to excellent repeatability for FAZ area and FAZ acircularity, the introduction of unsteady fixation will lead to an increase in motion artifacts and a corresponding decreased image quality. 31 Thus, the differences observed here between the different segmentation approaches may not hold for different patient populations for whom fixation is known to be unstable.
In conclusion, the two different Optovue FAZ measurement algorithms assessed herein have similar repeatability when compared to manual segmentation. However, accurate measurements require correction for axial length and careful review of automatic segmentation results (possibly with manual correction). Other metrics, like vessel density, may be affected similarly, especially when reported over Early Treatment of Diabetic Retinopathy Study (ETDRS)like retinal areas of some fixed distance. The fact that FAZ acircularity and axis ratio are not impacted by ocular magnification make them attractive metrics to explore further, considering ocular magnification adjustments currently are not available in clinical devices. 32 
